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of	 experimental	 data	 sets	 (namely	 22)	 available	 in	 the	 open	 literature	 on	 wire‐wrapped	 fuel	
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Todreas	 N.	 E.,	 1986).	 However,	 the	 authors	 of	 this	 report,	 in	 their	 prior	 publication	 of	 2008	










Different	 authors	 provide	 us	 with	 friction	 factor	 correlations	 for	 wire‐wrapped	 fuel	 bundles	










provided	 to	 us	 by	 different	 authors,	 while	 re‐analyzing	 the	 same	 22	 experimental	 data	 sets	
available	 in	 the	 open	 literature.	 These	 experiments	 were	 conducted	 using	 different	 coolants	

































 (Pt/Dr)	 ratio	 in	 all	 the	below	correlations,	 except	 for	Rehme	and	Engel,	was	 replaced	
with	the	(P/Dr)	ratio;	















Xff  ,		 	(5)	




















































































































































































fLCf  																																																											for	Re	≤		ReL	,	 	(12)	
Turbulent	flow:		
18.0Re
fTCf  																																																				for					ReT	≤		Re,	 	(13)	













































































































































































Friction	 factors	 for	 the	wire‐wrapped	 fuel	bundle	 in	 the	detailed	Cheng	 and	Todreas	model	 is	
calculated	 based	 on	 the	 center,	 side	 and	 corner	 sub‐channels	 equations	 that	 are	 described	 in	
more	detail	in	Ref.	(Cheng	S.	K.	and	Todreas	N.	E.,	1986)	as	well.		









































































































































Several	 of	 the	 above	 presented	 friction	 factor	 correlations	 for	 the	wire‐wrapped	 fuel	 bundles	
were	 slightly	 modified	 in	 order	 to	 obtain	 an	 improved	 agreement	 with	 the	 available	 experi‐
mental	data	 sets,	 as	explained	 in	 (Bubelis	E.	and	Schikorr	M.,	2008)	publication.	The	modified	






































































































The	quality	of	 the	 friction	 factor	predictions	was	 first	estimated	calculating	 the	absolute	error	
for	each	data	point:	












































In	 all	 below	 subsections,	 based	 on	 the	 data	 provided	 in	 the	 specific	 reference	 from	 the	 open	




or	Na‐cooled	 fast	reactor	concepts.	The	calculations	 for	 this	publication	were	performed	using	












drop	 (in	 the	 fuel	 region)	 as	 calculated	 using	 different	 friction	 factor	 correlations	 (see	 above	


















































Figure	6‐2	shows	the	comparison	 for	 the	calculated	corresponding	pressure	drops	 in	different	
parts	of	 the	wire‐wrapped	FA	applying	the	SIM‐ADS	code,	using	Rehme	friction	factor	correla‐
tion	in	the	core	region,	and	the	experimental	data.		











the	 Reynolds	 number.	 Above	 Re	 >	 8000	 all	 correlations	 provide	 reasonably	 good	 agreement	
drifting	 slightly	 towards	under‐prediction	 at	Re	>	50000.	 	 Significant	deviation	 is	 observed	 at	
lower	Re	(<4000)	numbers.	As	can	be	observed	from	Figure	6‐3,	friction	factor	correlations	best	
fitting	 experimental	 data	 overall	 are	 in	 order	 (based	 on	 RMS	 values):	 both	 Rehme,	 Cheng‐
Todreas	 simplified	 (CTS)	 followed	 closely	 by	 Engel	 (modified)	 and	 Cheng‐Todreas	 detailed	
(CTD),	 retracing	 CTD	 very	 closely.	 Based	 on	 the	 information	 observed	 in	 Figure	 6‐3,	 Sobolev,	





















































to	 the	experimental	data	 (the	best	being	Cheng‐Todreas	detailed	(CTD))	with	 the	exception	at	
very	 high	 Re	 (>50000)	 numbers,	 whereas	 in	 the	 laminar	 regime	 (Re	 ~<	 3000)	 both	 Cheng‐






































A	detailed	description	of	 the	closed	 loop	water	circulation	system	used	by	Arwikar	et.	 al.	 (Ar‐
wikar	K.	and	Fenech	H,	1979)	for	their	experiments	can	be	found	in	section	6.3	of	the	Ref.	(Bu‐
belis	 E.	 and	 Schikorr	M.,	 2008).	 The	 experimental	 bundle	 consists	 of	 61	 stainless	 steel	 tubes	
arranged	in	a	triangular	pitch	layout	with	a	pitch	to	diameter	ratio	of	1.05.	The	tubes	have	a	21.1	











































ably.	 Excellent	 agreement	 in	 the	 laminar	 regime	 (based	 on	RMS	 values)	 is	 observed	 for	 Baxi‐




















Figure	6‐6	and	based	also	on	RMS	values,	 friction	 factor	correlations	best	 fitting	 the	 turbulent	
flow	regime	(Re	>	3000)	experimental	data	are	in	order:	Cheng‐Todreas	detailed	(CTD),	Sobolev,	
Cheng‐Todreas	 simplified	 (CTS),	 followed	 by	 Rehme	 and	 Baxi‐DalleDonne	 (modified).	 In	 the	
laminar	 flow	regime	(Re	<	3000),	Engel	(modified)	provides	the	closest	 fit	 followed	by	Rehme	






































A	 detailed	 description	 of	 the	 wire	 wrapped	 fuel	 bundle	 as	 used	 by	 Tong/Bishop	 (Tong	 L.S.,	
1968)	can	be	 found	 in	section	6.5	of	 the	Ref.	 (Bubelis	E.	and	Schikorr	M.,	2008).	 	Rod	bundles	
parameters	 for	 the	 Tong/Bishop	 experimental	 setup	 are:	 number	 of	 pins/rods	 is	 19,	 pitch	 to	


















































whereas	 all	 other	 remaining	 correlations	 are	 over‐predicting	 the	 experimental	 data,	 just	 as	
expected	since	the	center	pin	is	not	wire	wrapped.	
	

































A	 detailed	 description	 of	 the	wire	wrapped	 fuel	 bundle	 as	 used	 by	Marten	 et.	 al.	 (Marten	 K.,	











































Figure	6‐9	 (P/D=1.041;	H/D=17.01)	 and	Figure	6‐10	 (P/D=1.101;	H/D=12.31)	 show	 the	 com‐
parison	of	 the	 friction	 factor	values	 for	the	wire‐wrapped	FA	as	calculated	using	different	 fric‐
tion	factor	correlations	with	the	experimental	data.	As	can	be	seen	from	Figure	6‐9	(P/D=1.041;	
H/D=17.01)	and	based	also	on	RMS	values,	in	the	turbulent	range	Rehme	yields	an	excellent	fit	





on	RMS	values,	 it	 is	 Cheng‐Todreas	 detailed	 (CTD)	 that	 correlates	 closest	 to	 the	 experimental	
data	 in	 the	 turbulent	 range,	 followed	 very	 closely	 by	 Cheng‐Todreas	 simplified	 (CTS),	
Novendstern,	Baxi‐DalleDonne	 (modified),	Rehme	and	Sobolev.	 Engel	 (modified)	drifts	 signifi‐
cantly	to	the	lower	side	of	the	data.	In	the	laminar	range,	in	this	particular	case,	it	is	Rehme	that	


























































































A	detailed	description	of	 the	wire	wrapped	 fuel	bundle	as	used	by	Spencer	 (Cheng	S.K.,	1984)	
can	be	found	in	section	6.8	of	the	Ref.	(Bubelis	E.	and	Schikorr	M.,	2008).	Rod	bundle	parameters	










































data	very	well.	Sobolev	does	not	 follow	the	experimental	data	well.	 In	 the	 laminar	 flow	range,	
friction	 factor	 correlations	 best	 fitting	 experimental	 data	 are	 Cheng‐Todreas	 detailed	 (CTD),	
Cheng‐Todreas	simplified	(CTS),	Engel	(modified),	Rehme	and	Baxi‐DalleDonne	(modified),	with	
the	exception	of	Novendstern	and	Sobolev	that	are	not	applicable	in	this	range.		
































face	 of	 the	 channel.	 The	 important	 parameters	 varied	 in	 that	 study	 are	 the	 pitch‐to‐diameter	
ratio	of	the	rods	by	using	different	wire	diameters	with	the	same	rod	diameter,	the	lead	of	the	










Comparison of Friction Factor for Wire Spacer
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Figure	 6‐14	 (19‐rods,	 P/D=1.417;	 wire	 lead	 length	 300	 mm)	 and	 Figure	 6‐15	 (19‐rods,	
P/D=1.417;	wire	lead	length	600	mm)	illustrate	the	influence	of	the	wire	lead	length	at	a	P/D	of	
1.417	and	show	the	comparison	of	the	friction	factor	values	for	the	wire‐wrapped	FA	as	calcu‐
lated	using	 different	 friction	 factor	 correlations	with	 the	 experimental	 data.	 As	 it	 can	be	 seen	
from	Figure	6‐14	 (wire	 lead	 length	300	mm)	and	Figure	6‐15	 (wire	 lead	 length	600	mm)	and	
based	 also	 on	RMS	 values,	 friction	 factor	 correlations	 best	 fitting	 experimental	 data	 are	Baxi‐
DalleDonne	 (modified),	 Cheng‐Todreas	 detailed	 (CTD),	 	 Rehme	 and	 Cheng‐Todreas	 simplified	
(CTS).	Engel	(modified)	is	close	to	the	data	for	the	600	mm	case	(Figure	6‐15),	but	deviates	quite	
significantly	for	the	300	mm	case	(Figure	6‐14).	
Comparison of Friction Factor for Wire Spacer
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and	Schikorr	M.,	 2008))	demonstrates	 again	 the	effect	of	different	 leads	of	wire	wraps	on	 the	
friction	factor	for	19	rods	and	the	lowest	P/D	ratio	of	1.125.	It	is	obvious	that	the	friction	factor	
increase	with	decreasing	wire	wraps	pitch	 is	smaller	with	a	 smaller	pitch‐to‐diameter	 ratio	of	



















































much	 stronger	 for	 smaller	 pitch	 of	wire	wraps	 value	 (100	mm)	 than	 for	 higher	 pitch	 of	wire	
wraps	value	(e.g.	600	mm).	














































































The	fourth	set	of	 the	Rehme	experimental	data	analyzed	(refer	to	Figure	34	 in	Ref.	 (Bubelis	E.	
and	Schikorr	M.,	2008))	demonstrates	how	the	friction	factor	depends	on	the	lead	wire	length	as	










































Figure	 6‐20	 (19‐rods,	 P/D=1.275;	 wire	 lead	 length	 150	 mm)	 and	 Figure	 6‐21	 (19‐rods,	
P/D=1.275;	wire	 lead	 length	600	mm)	 illustrate	again	 the	effect	of	 the	wire	 lead	 length	and	 it	
shows	the	comparison	of	the	friction	factor	values	for	the	wire‐wrapped	FA	as	calculated	using	
different	friction	factor	correlations	with	the	experimental	data.	According	to	Figures	6‐20	and	











































A	detailed	description	of	 the	 two	different	 test	 facilities	as	used	by	Vijayan	 (Vijayan	P.K.	 et	 al,	
1999)	can	be	found	in	section	6.10	of	the	Ref.	(Bubelis	E.	and	Schikorr	M.,	2008).	A	low	pressure	




the	 fuel	 channel	 and	 the	 bundles	 used	 are	 the	 following:	 channel	 inside	 diameter	 0.08255	m,	
flow	area	0.0018851	m2,	hydraulic	diameter	5.88	mm,	total	wetted	perimeter	1.28226	m,	num‐
ber	 of	 bundles	 per	 channel	 12,	 clad	 outside	 diameter	 15.21	 mm,	 center‐to‐center	 spacing	 of	
elements	 16.43	mm,	 length	 of	 one	 bundle	 0.4953	m,	 lead	 of	 the	wire	wrap	0.231775	m,	wire	
diameter	~1.22	mm,	wire	 length	0.4877	m,	number	of	wires	per	bundle	24,	pitch	 to	diameter	
















































and	 simplified,	 is	 also	 plotted	 in	 Figure	 6‐22.	 Here	 we	 observe,	 that	 the	 results	 of	 the	 code	

































from	 the	 actual,	 detailed	 Cheng‐Todreas	 detailed	 (CTD)	 results.	 The	 authors	 of	 this	 report	
checked	 the	 coding	 of	 the	 Indones.	 code	 and	 found	 some	 deviations	 from	 the	 Cheng‐Todreas	
model	description	as	documented	in	Ref.	(Cheng	S.	K.	and	Todreas	N.	E.,	1986).	Upon	modifying	














6.6	mm	 arranged	 in	 a	 triangular	 pitch	 of	 8.28	mm	which	 is	 that	 of	 the	 Indian	 Prototype	 Fast	
Breeder	Reactor	 (PFBR)	at	Kalpakkam.	The	width	across	 flat	of	 the	hex‐can	 is	24.52	mm.	The	





























Wire-wrapped FA ff - Experimental data


















wrapped	FA,	as	well	as	 for	 the	case	without	a	wire‐wrap,	as	calculated	using	different	 friction	
factor	correlations	with	the	CFD	study	data.	As	can	be	seen	from	Figure	7‐1	and	based	also	on	
RMS	 values,	 friction	 factor	 correlations	 best	 fitting	 CFD	 study	 data	 are:	 Rehme	 –	 excellent	 fit	

















Based	 on	 the	 data	 provided	 in	 Ref.	 (Geffraye	 G.,	 2008),	 corresponding	 calculations	were	 per‐
formed	with	SIM‐ADS	code	(Schikorr	W.	M.,	2001)	and	the	calculational	results	compared	to	the	
experimental	data.	Figure	8‐1	shows	 the	comparison	of	 the	 friction	 factor	values	 for	 the	wire‐
wrapped	FA	as	calculated	using	different	friction	factor	correlations	with	the	experimental	data.	

















Exp Data ESTHAIR  1st heated
Exp Data ESTHAIR  2nd heated
Exp Data ESTHAIR unheated
Blasius
Calc. [20] - Blasius (no wire)















When	 looking	 at	 the	 friction	 factor	 curve	 in	 Figure	 8‐1	 and	 the	 experimental	 data	 from	 Ref.	
(Geffraye	G.,	 2008),	 one	 can	 see	 some	difference	 between	 the	 two	predictions.	 The	 difference	
here	is	due	to	the	Re	value	used	when	calculating	friction	factor	as	proposed	by	Rehme.	In	Figure	
8‐1	the	Rehme	friction	factor	was	calculated	using	Re	value	for	the	hot	SA	in	wire‐wrap	configu‐
ration,	while	 in	 the	 experimental	 data	 from	Ref.	 (Geffraye	G.,	 2008)	 the	Rehme	 friction	 factor	
was	calculated	using	average	Re	value	for	the	smooth	pin	configuration	not	taking	into	account	
the	existing	wire‐wrap.		







for	 the	 hot	 SA	 in	 wire‐wrap	 configuration)	 when	 calculating	 friction	 factor	 as	 proposed	 by	












Table	 9‐4),	 of	 which	 only	 10	 data	 sets	 include	 both	 laminar	 and	 turbulent	 flow	 regime	 data,	
namely	those	listed	in	Table	9‐1	(see	Figures	6‐3,	6‐4,	6‐5,	6‐6,	6‐9,	6‐10,	6‐11,	6‐12,	6‐13,	and	6‐
22	 for	more	details).	This	 implies	 that	only	 turbulent	 flow	regime	data	 is	 available	 for	 the	 re‐
maining	12	data	sets	(see	Figures	6‐7,	6‐8,	6‐14,	6‐15,	6‐16,	6‐17,	6‐18,	6‐19,	6‐20,	6‐21,	7‐1,	and	
8‐1).	In	the	quantitative	analysis	differentiation	of	the	underlying	data	set	(“22”,	or	“10”)	can	be	
made	 in	 the	 turbulent	 regime	 analysis,	 all	 “22”	 (or	 the	 “10”)	 data	 sets	 can	 be	 used,	 whereas	
looking	at	the	laminar	regime,	only	the	“10”	data	sets	are	applicable.	When	looking	for	an	over‐
all,	or	“combined”	quantification	(extending	over	both	laminar	and	turbulent	flow	regimes),	the	
































Choi et al., 2003 w 6‐3 271 1.2 24.84 7.8 NA NA 47.6 8.5 12.7 8.0 Rehme CTS Engel (m)
Chun et al., 2001 w 6‐4 19 1.256 25 25.3 NA NA 17.3 12.9 11.7 10.2 CTS CTD Engel (m)
Arwikar et al., 1979 w 6‐5 61 1.05 14.45 20.3 NA NA 9.5 49.2 15.1 14.6 BDD (m) CTS CTD
Chiu et al., 1979 w 6‐6 61 1.063 8 17.5 NA NA 29.4 16.3 24.2 27.3 Engel (m) Rehme CTD
Marten et al., 1982 w 6‐9 37 1.041 17.01 3.5 NA NA 12.3 33.3 23.0 20.6 Rehme BDD (m) CTS
Marten et al., 1982 w 6‐10 37 1.101 12.31 4.4 NA NA 33.0 20.2 8.1 12.5 Rehme CTD CTS
Itch, 1981 w 6‐11 127 1.176 38 4.9 NA NA 6.7 19.5 6.7 6.5 Rehme CTS CTD
Itch, 1981 w 6‐12 169 1.214 47.39 3.8 NA NA 9.4 15.2 6.7 7.8 Rehme CTD CTS
Spencer, 1980 w 6‐13 217 1.252 51.74 8.1 NA NA 11.7 6.2 3.5 3.5 CTD CTS Engel (m)
Vijayan et al., 1999 w 6‐22 19 1.08 15.24 15.4 NA NA 66.6 51.6 16.8 15.9 Rehme CTS CTD

















































































































Figure	9‐1	 shows	 the	plots	of	 the	predicted	 friction	 factor	versus	 the	measured	 friction	 factor	
distributions	 for	 the	 Rehme,	 CTD,	 CTS,	 Baxi‐DalleDonne	 (modified),	 Engel	 (modified),	
Novendstern	and	Sobolev	correlations	for	all	22	data	sets.	As	can	be	clearly	observed	from	these	
plots,	not	all	correlations	are	applicable	 in	 the	 laminar	regime	(friction	 factor	~	>	0.1),	 in	par‐
ticular	Novendstern	and	Sobolev.	All	other	correlations	indicated	reasonable	or	good	fits	also	in	
the	laminar	flow	regime,	in	particular	CTD,	CTS	and	Rehme.		
To	allow	 the	comparison	of	 the	goodness	of	 the	various	correlations,	 the	quantitative	analysis	
uses	the	root	mean	square	(RMS)	and	the	standard	deviation	(STD)	as	the	merit	of	measure.	The	










































RMS	relative	merit,	 and	by	CTD	with	12.9%	 for	RMS	and	0.86	of	 relative	merit.	This	 indicates	






















Choi et al., 2003 w 6‐3 271 1.2 24.84 2.4 NA NA 5.6 0.2 1.3 2.1 Engel (m) CTD CTS
Chun et al., 2001 w 6‐4 19 1.256 25 4.1 NA NA 12.7 4.3 3.5 3.8 CTD CTS Rehme
Arwikar et al., 1979 w 6‐5 61 1.05 14.45 9.8 NA NA 7.5 16.1 9.4 8.4 BDD (m) CTS CTD
Chiu et al., 1979 w 6‐6 61 1.063 8 8.5 NA NA 17.6 17.6 6.8 6.2 CTS CTD Rehme
Marten et al., 1982 w 6‐9 37 1.041 17.01 3.7 NA NA 5.5 8.5 1.2 2.0 CTD CTS Rehme
Marten et al., 1982 w 6‐10 37 1.101 12.31 3.8 NA NA 16.3 16.5 4.1 3.9 Rehme CTS CTD
Itch, 1981 w 6‐11 127 1.176 38 1.5 NA NA 4.2 10.4 7.9 8.0 Rehme BDD (m) CTD
Itch, 1981 w 6‐12 169 1.214 47.39 1.4 NA NA 3.3 8.0 8.0 8.0 Rehme BDD (m) Engel (m)
Spencer, 1980 w 6‐13 217 1.252 51.74 5.6 NA NA 1.3 3.4 3.7 3.8 BDD (m) Engel (m) CTD
Vijayan et al., 1999 w 6‐22 19 1.08 15.24 16.7 NA NA 40.6 36.7 18.2 16.1 CTS Rehme CTD













1 Rehme 11.1 1.00
2 CTS 12.7 0.88
3 CTD 12.9 0.86
4 Engel 23.3 0.48
5 BDD 24.4 0.46
6 Sobolev 51.4 0.22











of	 the	“22”	data	set.	 	Columns	14,	15,	and	16	again	provide	a	ranking	of	 the	 first	 three	ranked	


























































Choi et al., 2003 w 6‐3 271 1.2 24.84 3.4 9.5 7.0 6.1 6.6 7.6 3.3 CTS Rehme BDD (m)
Chun et al., 2001 w 6‐4 19 1.256 25 10.5 8.0 15.0 2.1 6.7 5.4 11.2 BDD (m) CTD Engel (m)
Arwikar et al., 1979 w 6‐5 61 1.05 14.45 7.0 1.9 12.6 2.5 7.4 10.3 14.9 Novendst. BDD (m) Rehme
Chiu et al., 1979 w 6‐6 61 1.063 8 12.6 13.8 11.2 13.3 25.0 8.6 11.2 CTD Sobolev CTS
Tong/Bishop, 1968 w 6‐7 19 1.205 8 6.7 14.1 22.5 13.9 56.1 8.6 15.5 Rehme CTD BDD (m)
Tong/Bishop, 1968 w 6‐8 19 1.205 16 3.0 13.2 25.6 13.1 10.9 21.1 29.0 Rehme Engel (m) BDD (m)
Marten et al., 1982 w 6‐9 37 1.041 17.01 5.4 10.4 7.2 12.7 11.1 9.0 11.4 Rehme Sobolev CTD
Marten et al., 1982 w 6‐10 37 1.101 12.31 7.3 6.4 8.6 7.1 20.5 3.7 4.5 CTD CTS Novendst.
Itch, 1981 w 6‐11 127 1.176 38 2.4 4.2 9.9 3.5 10.5 3.8 2.7 Rehme CTS BDD (m)
Itch, 1981 w 6‐12 169 1.214 47.39 3.0 5.4 9.8 4.1 8.9 4.8 2.4 CTS Rehme BDD (m)
Spencer, 1980 w 6‐13 217 1.252 51.74 5.1 6.6 11.9 5.3 8.6 7.3 4.1 CTS Rehme BDD (m)
Rehme, 1973 w 6‐14 19 1.417 25 7.4 12.0 14.6 5.8 22.9 6.4 7.5 BDD (m) CTD Rehme
Rehme, 1973 w 6‐15 19 1.417 50 5.4 11.3 23.1 9.9 11.9 11.0 8.9 Rehme CTS BDD (m)
Rehme, 1973 w 6‐16 19 1.125 16.67 5.2 11.5 11.9 9.4 5.4 13.2 9.5 Rehme Engel (m) BDD (m)
Rehme, 1973 w 6‐17 19 1.125 25 7.3 18.6 19.0 14.0 17.5 18.2 14.1 Rehme BDD (m) CTS
Rehme, 1973 w 6‐18 7 1.343 8.33 13.9 25.4 17.8 25.5 70.1 17.8 26.7 Rehme Sobolev CTD
Rehme, 1973 w 6‐19 7 1.275 8.33 28.5 46.9 47.3 46.6 54.4 42.1 51.8 Rehme CTD BDD (m)
Rehme, 1973 w 6‐20 19 1.275 12.5 16.2 4.6 19.5 17.7 38.4 18.7 20.0 Novendst. Rehme BDD (m)
Rehme, 1973 w 6‐21 19 1.275 50 8.1 9.9 25.2 10.0 24.3 19.4 18.2 Rehme Novendst. BDD (m)
Vijayan et al., 1999 w 6‐22 19 1.08 15.24 34.9 24.6 28.5 24.6 29.8 29.0 29.5 Novendst. BDD (m) Sobolev
Gajapathy et al., 2007 Na 7‐1 7 1.255 22.73 13.3 18.1 34.5 22.7 20.3 29.4 33.1 Rehme Novendst. Engel (m)
Geffraye, 2008 air 8‐1 19 1.24 21.88 1.3 12.6 23.8 11.5 4.1 16.7 23.3 Rehme Engel (m) BDD (m)
9.4 13.1 18.5 12.8 21.4 14.2 16.0 Rehme BDD (m) Novendst.
Averaged over 20 water experiments: 9.7 12.9 17.4 12.4 22.4 13.3 14.8 Rehme BDD (m) Novendst.
Averaged over 1 Na experiments: 13.3 18.1 34.5 22.7 20.3 29.4 33.1 Rehme Novendst. Engel (m)
Averaged over 1 Air experiments: 1.3 12.6 23.8 11.5 4.1 16.7 23.3 Rehme Engel (m) BDD (m)























[1	\	1	\	1]	 corresponds	 to	equal	weighting	of	1	 times	averaged	weight	of	20	water	experiments,	1	 times	weight	of	
single	Na	and	Air	experiments.	
	






















Choi et al., 2003 w 6‐3 271 1.2 24.84 2.8 5.9 6.6 4.3 4.5 2.7 3.0 CTD Rehme CTS
Chun et al., 2001 w 6‐4 19 1.256 25 2.4 7.6 8.1 2.3 4.3 3.8 4.6 BDD (m) Rehme CTD
Arwikar et al., 1979 w 6‐5 61 1.05 14.45 5.5 1.6 2.3 1.8 8.5 1.2 1.6 CTD Novendst. CTS
Chiu et al., 1979 w 6‐6 61 1.063 8 5.7 12.5 8.8 9.0 1.4 10.0 9.3 Engel (m) Rehme Sobolev
Tong/Bishop, 1968 w 6‐7 19 1.205 8 5.4 5.8 9.2 5.8 3.4 5.8 6.0 Engel (m) Rehme CTD
Tong/Bishop, 1968 w 6‐8 19 1.205 16 2.7 3.2 5.6 3.2 4.0 3.3 3.3 Rehme Novendst. BDD (m)
Marten et al., 1982 w 6‐9 37 1.041 17.01 4.1 3.7 3.4 4.3 4.0 1.7 0.7 CTS CTD Sobolev
Marten et al., 1982 w 6‐10 37 1.101 12.31 6.0 7.8 9.6 8.4 8.0 3.9 3.7 CTS CTD Rehme
Itch, 1981 w 6‐11 127 1.176 38 2.4 5.1 5.6 4.0 5.6 3.0 2.5 Rehme CTS CTD
Itch, 1981 w 6‐12 169 1.214 47.39 1.7 5.1 5.8 4.3 5.8 2.5 1.9 Rehme CTS CTD
Spencer, 1980 w 6‐13 217 1.252 51.74 4.3 5.8 6.8 5.1 6.6 5.3 5.0 Rehme CTS BDD (m)
Rehme, 1973 w 6‐14 19 1.417 25 2.4 10.9 13.4 6.4 9.0 6.5 8.4 Rehme BDD (m) CTD
Rehme, 1973 w 6‐15 19 1.417 50 5.9 11.7 15.4 11.0 11.1 8.0 7.7 Rehme CTS CTD
Rehme, 1973 w 6‐16 19 1.125 16.67 3.0 13.2 12.5 3.9 6.1 6.6 6.0 Rehme BDD (m) CTS
Rehme, 1973 w 6‐17 19 1.125 25 7.4 21.1 20.6 8.8 5.8 13.6 12.1 Engel (m) Rehme BDD (m)
Rehme, 1973 w 6‐18 7 1.343 8.33 15.8 20.1 8.1 21.7 0.4 20.5 25.8 Engel (m) Sobolev Rehme
Rehme, 1973 w 6‐19 7 1.275 8.33 22.7 25.5 11.4 25.5 2.5 26.7 30.8 Engel (m) Sobolev Rehme
Rehme, 1973 w 6‐20 19 1.275 12.5 8.4 4.5 6.5 13.7 9.9 3.7 4.8 CTD Novendst. CTS
Rehme, 1973 w 6‐21 19 1.275 50 6.6 9.7 10.6 5.4 7.5 8.1 8.3 BDD (m) Rehme Engel (m)
Vijayan et al., 1999 w 6‐22 19 1.08 15.24 4.5 5.5 6.7 5.5 6.5 3.4 3.1 CTS CTD Rehme
Gajapathy et al., 2007 Na 7‐1 7 1.255 22.73 10.1 16.1 20.8 19.6 21.0 14.4 14.4 Rehme CTD CTS
Geffraye, 2008 air 8‐1 19 1.24 21.88 1.4 12.1 10.8 5.0 3.0 4.1 5.5 Rehme Engel (m) CTD
6.0 9.8 9.5 8.1 6.3 7.2 7.7 Rehme Engel (m) CTD
Averaged over 20 water experiments: 6.0 9.3 8.9 7.7 5.7 7.0 7.4 Engel (m) Rehme CTD
Averaged over 1 Na experiments: 10.1 16.1 20.8 19.6 21.0 14.4 14.4 Rehme CTD CTS
Averaged over 1 Air experiments: 1.4 12.1 10.8 5.0 3.0 4.1 5.5 Rehme Engel (m) CTD




















ranking [%] fr ranking [%] fr ranking [%] fr
1 Rehme 9.4 1.00 Rehme 8.7 1.00 Rehme 8.1 1.00
2 BDD 12.8 0.74 Novendstern 13.9 0.63 Novendstern 14.5 0.56
3 Novendstern 13.1 0.72 BDD 14.2 0.61 BDD 15.5 0.52
4 CTD 14.2 0.67 CTD 17.2 0.51 Engel 15.6 0.52
5 CTS 16.0 0.59 Engel 18.3 0.48 CTD 19.8 0.41
6 Sobolev 18.5 0.51 CTS 20.2 0.43 CTS 23.8 0.34

















The	10	data	 sets	providing	 experimental	data	 for	both	 regimes	are	 listed	 in	Table	9‐1	 for	 the	
laminar	regime	and	the	corresponding	data	sets	for	the	turbulent	regime	are	extracted	from	the	
“22”	data	set,	Table	9‐4.		













ranking [%] fr ranking [%] fr
1 BDD 8.1 1.00 Rehme 6.3 1.00
2 CTD 8.9 0.91 BDD 6.3 1.00
3 Novendstern 9.1 0.90 CTD 6.7 0.94
4 Rehme 9.2 0.89 CTS 7.3 0.86
5 CTS 9.5 0.85 Novendstern 7.4 0.85
6 Sobolev 12.2 0.67 Sobolev 10.4 0.61









The	 corresponding	 RMS	 ranking	 of	 the	 correlation	 in	 the	 turbulent	 flow	 regime	 for	 these	 10	
experiments	(as	extracted	from	Table	9‐4)	is	provided	in	Table	9‐7	yielding	the	following	rank‐
ing	 BDD,	 CTD,	 Novendstern	 and	 Rehme	with	 RMS	 values	 of	 8.1,	 8.9,	 9.1	 and	 9.2%,	 and	 RMS	







































Choi et al., 2003 w 6‐3 271 1.2 24.84 5.6 26.1 20.5 26.8 7.6 10.1 5.6 Rehme CTS Engel (m)
Chun et al., 2001 w 6‐4 19 1.256 25 17.9 34.0 34.1 9.7 9.8 8.5 10.7 CTD BDD (m) Engel (m)
Arwikar et al., 1979 w 6‐5 61 1.05 14.45 13.7 23.3 30.8 6.0 28.3 12.7 14.7 BDD (m) CTD Rehme
Chiu et al., 1979 w 6‐6 61 1.063 8 15.0 28.0 29.0 21.3 20.7 16.4 19.3 Rehme CTD CTS
Marten et al., 1982 w 6‐9 37 1.041 17.01 4.4 20.1 23.0 12.5 22.2 16.0 16.0 Rehme BDD (m) CTD
Marten et al., 1982 w 6‐10 37 1.101 12.31 5.9 30.6 30.6 20.1 20.3 5.9 8.5 Rehme CTD CTS
Itch, 1981 w 6‐11 127 1.176 38 3.7 32.8 33.9 5.1 15.0 5.2 4.6 Rehme CTS BDD (m)
Itch, 1981 w 6‐12 169 1.214 47.39 3.4 34.1 34.0 6.8 12.0 5.7 5.1 Rehme CTS CTD
Spencer, 1980 w 6‐13 217 1.252 51.74 6.6 35.6 35.6 8.5 7.4 5.4 3.8 CTS CTD Rehme
Vijayan et al., 1999 w 6‐22 19 1.08 15.24 25.2 44.5 46.4 45.6 40.7 22.9 22.7 CTS CTD Rehme
10.1 30.9 31.8 16.2 18.4 10.9 11.1 Rehme CTD CTS


















and	9‐9,	respectively.	 	 In	 line	16,	the	mean	RMS	and	STD	values	are	 listed	and	ranked.	We	ob‐
serve	that	Rehme,	CTD,	and	CTS	are	ranked	in	sequential	order,	as	summarized	 in	Table	9‐10,	




































Choi et al., 2003 w 6‐3 271 1.2 24.84 2.6 7.7 8.7 4.9 2.3 2.0 2.6 CTD Engel (m) CTS
Chun et al., 2001 w 6‐4 19 1.256 25 3.3 14.9 17.2 7.5 4.3 3.7 4.2 Rehme CTD CTS
Arwikar et al., 1979 w 6‐5 61 1.05 14.45 7.6 13.5 12.3 4.7 12.3 5.3 5.0 BDD (m) CTS CTD
Chiu et al., 1979 w 6‐6 61 1.063 8 7.1 16.4 12.9 13.3 9.5 8.4 7.7 Rehme CTS CTD
Marten et al., 1982 w 6‐9 37 1.041 17.01 3.9 4.7 4.0 4.9 6.3 1.4 1.3 CTS CTD Rehme
Marten et al., 1982 w 6‐10 37 1.101 12.31 4.9 14.8 15.9 12.4 12.3 4.0 3.8 CTS CTD Rehme
Itch, 1981 w 6‐11 127 1.176 38 2.0 12.3 13.5 4.1 8.0 5.5 5.2 Rehme BDD (m) CTS
Itch, 1981 w 6‐12 169 1.214 47.39 1.6 12.0 13.7 3.8 6.9 5.3 4.9 Rehme BDD (m) CTS
Spencer, 1980 w 6‐13 217 1.252 51.74 5.0 12.6 14.7 3.2 5.0 4.5 4.4 BDD (m) CTS CTD
Vijayan et al., 1999 w 6‐22 19 1.08 15.24 10.6 13.3 13.5 23.1 21.6 10.8 9.6 CTS Rehme CTD
4.8 12.2 12.6 8.2 8.8 5.1 4.9 Rehme CTS CTD























ranking [%] fr ranking [%] fr ranking [%] fr
1 Rehme 10.1 1.00 Rehme 9.8 1.00 Rehme 9.5 1.00
2 CTD 10.9 0.93 CTD 10.2 0.96 CTD 9.6 0.99
3 CTS 11.1 0.91 CTS 10.6 0.93 CTS 10.1 0.94
4 BDD 16.2 0.62 BDD 13.5 0.72 BDD 10.8 0.87
5 Engel 18.4 0.55 Engel 16.8 0.58 Engel 15.1 0.63
6 Novendstern 30.9 0.33 Novendstern 23.6 0.41 Novendstern 16.4 0.58












ents	 analyzed.	 Three	 different	 weighting	 schemes	 have	 been	 analyzed	 by	 presuming	 relative	




assuming	 [5\1],	 the	RMS	ranking	of	 the	correlation	does	not	change	 from	the	 [1\1]	weighting	
scheme,	the	only	difference	being	that	the	RMS	relative	merit	fractions	become	now	1.00,	0.99,	











water: 20 Na: 1 air: 1
Mean RMS [%] 9.4 13.1 18.5 12.8 21.4 14.2 16.0 Rehme BDD (m) Novendst.
Mean STD [%] 6.0 9.8 9.5 8.1 6.3 7.2 7.7 Rehme Engel (m) CTD
22 experiments yielded turbulent data: 20 water, one Na, one air
Mean RMS [%] 11.1 52.8 51.4 24.4 23.3 12.9 12.7 Rehme CTS CTD
Mean STD [%] 5.8 18.4 18.9 11.5 12.2 6.4 6.2 Rehme CTS CTD
10 experiments (all water) yielded laminar flow regime data (see Tables 1 and 2)
turb: 1 lam: 1
Mean RMS [%] 10.1 30.9 31.8 16.2 18.4 10.9 11.1 Rehme CTD CTS

















The	 assessment	 is	 based	 on	 the	 identical	 data	 sets	 (namely	 22)	 as	 used	 in	 the	 original	 2008	
publication	 (Bubelis	E.	and	Schikorr	M.,	2008)	 in	order	 to	allow	an	objective	 re‐assessment	of	
the	 2008	 conclusions	 using	 the	 correct	 formulation	 of	 the	 Cheng‐Todreas	 correlations.	 In	 the	




on	 engineering	 judgment	 (i.e.	 visual	 inspection),	 foregoing,	 at	 that	 time,	 a	more	 scientific	 ap‐
proach	as	both	methodologies	were	 judged	 to	yield	 similar	 results.	Both	approaches	were	ap‐
plied	 in	 this	publication	by	 calculating	 and	 comparing	 the	RMS	 (root	mean	 square	 error)	 and	
STD	(standard	deviation)	values.	Only	 the	results	of	 the	rigorous	methodology	are	reported	 in	
this	 report,	 as	 both	 approaches	 (judgmental	 and	 scientific)	 yielded	 almost	 identical	 results,	




tions	by	comparing	their	RMS	values	 in	 the	 laminar	and	the	 turbulent	regimes	 is	presented	 in	
Tables	9‐3,	9‐6,	9‐7,	and	9‐10,	where	Table	9‐11	provides	a	summary	of	the	overall‐ranking	of	
the	various	correlations.	















(3)	 In	 the	 turbulent	 flow	 regime	 all	 22	 data	 sets	were	 used	 for	 the	 RMS	 and	 STD	 analyses.	
Rehme	clearly	ranked	first	followed	by	BDD	and	Novendstern	(see	Table	9‐6).		This	rank‐


























previous	 publication	 in	 2008	 (Bubelis	 E.	 and	 Schikorr	M.,	 2008),	 we	 re‐iterate	 upon	 detailed	
reanalysis	that	the	friction	factor	correlation,	providing	generally	the	best	fit	to	all	the	analyzed	
experimental	data	sets	for	wire‐wrapped	rod/fuel	bundles	of	different	configurations	and	differ‐
ent	 coolants,	 is	 the	 Rehme	 friction	 factor	 correlation	 for	 wire‐wraps,	 followed	 closely	 by	 the	
Cheng‐Todreas	correlation(s),	that	also	yield	very	good	results.		
Comparing	the	ranking	of	the	correlations	of	the	re‐evaluated	data	sets	(this	publication)	to	the	
previous	 2008	 ranking	 results	we	 do	 observe	 significant	 changes,	 as	 now	 the	 Cheng‐Todreas	




A	 general	 conclusion	 as	 to	 which	 is	 the	most	 general‐purpose	 friction	 factor	 correlation	 that	
covers	the	entire	flow	regime	range	(both	laminar	and	turbulent)	and	that	can	be	recommended	
for	use	in	system	code	packages	(either	for	scoping	analysis	of	different	core	designs,	or	assess‐
ment	of	 the	 transient	behavior	 of	different	 core/primary	 system	configurations)	 is	 clearly	 the	
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